The purpose of this research is to investigate the effects of microstructural parameters as a result of three different processing methods on the deformation and fracture properties of SiC/Al composites. The influences of heat treatment are also investigated. It was found that without heat treatment, the SiC reinforcement phase significantly improved the strength of the composite compared to the Al matrix material. However, the strengths of the heat-treated composites were roughly in the same range as those of heat-treated Al alloy. The ball-milled composite has higher strength, but lower fracture toughness compared to the powder and flake composites. Between the latter two, the powder composite has higher toughness.
INTRODUCTION
Due to their many unique mechanical properties and demand from various industries, metal matrix composites (MMC) continue to attract considerable interest. Matrix materials are usually light structure metals such as Al, Ti, and Mg. Among them, Al and its alloys have been most extensively investigated due to their dominance in the aerospace and automobile industries and its ease of fabrication. Boron (B), silicon carbide (SiC), and aluminum oxide (Al 2 O 3 ) which have low density and high modulus and strength are commonly used reinforcement materials. Of these, SiC is frequently favoured because of its easy availability and excellent wear properties [1] .
Compared to the matrix material, MMCs in general have higher stiffness and strength. This property advantage is offset by lower ductility and fracture toughness. The fracture toughness typically increases with particle size and decreases with volume fraction of the reinforcing phase. However, this general understanding is not sufficiently refined to predict the effects of fabrication processes on the deformation, and especially fracture behaviour of MMCs. The purpose of this research is to investigate the effects of microstructural parameters as a result of different processing methods on the deformation and fracture properties of SiC/Al composites. The influences of heat treatment are also investigated.
MATERIALS AND EXPERIMENTS 2.1 Materials and Processes
The materials used in the current research are 2024 Al reinforced with 5% vol. of 10 mm diameter SiC particles. Three different processing techniques have been used to fabricate the materials. Accordingly the specimens are identified as Flake, Ballmill and Powder. Two conditions are considered for each process: (a) as extruded and (b) T6 heat treatment.
In producing flake specimens, 2024 Al was melted and mixed with SiC powder by a stirrer. The mixture was then poured through a twin roller to make the flake structure. These flakes were compacted to achieve 95% theoretical density and then degassed in a vacuum chamber for one hour at elevated temperature. The billet was then hot extruded with an extrusion ratio of 13:1. Some of the products were solutionised at 763K for one hour and then peak aged at 463K for five hours. For Ballmill specimens, 2024 Al was put into centrifugal atomizer to produce the Al powder. The powder was then mixed with SiC particles for five hours in a ball milling machine. Powder specimens were produced by first mixing molten Al and SiC powder with stirrer. The centrifugal atomizer was used to produce powder from the mixture. The subsequent procedures to produce both ballmill and powder composites from powders are the same as those for the flake specimens.
Essentially, the major difference between the three processes is the way in which the microstructure is produced. Ballmilled material consists of Al powder and SiC particles which are ballmilled together similar to common powder metallurgy products. The microstructures of the Flake and Powder composites are similar to each other except that the shapes of the constituent powders are different. The flake powder has an elongated shape and the others are roughly spherical.
Experimental Procedures
The deformation and fracture behaviour was characterised by tension and fracture toughness test respectively. In addition, microstructures were also examined via SEM and optical microscopy. Tensile tests were performed using a closed loop Instron mechanical test machine and round bar specimens following ASTM (American Society for Testing and Materials) standards. The diameter and the gage length of the specimen were 6.5 mm and 25 mm respectively. The fracture toughness was characterised by three-point bending test performed using an MTS closed loop servohydraulic system. The specimens used for fracture toughness testing were supplied by the Rapidly Solidified Materials Laboratory (RASOM) of Chungnam National University, Taejeon, Korea. Two specimens were tested for each of the six fabrication procedures, i.e. three types of composites with two different heat treatments for each type.
As will be discussed later, the dimensions of the fracture test specimens did not quite meet the requirements for a valid K IC test. Hence, both K Ic and J Ic were measured from the same test, following the procedures described in ASTM E-399 and E-813 [2, 3]. The load (P), crack opening displacement (COD), and the load line displacement (D) were recorded during the test. To determine K, specimens were loaded until there was an apparent deviation from the linear part of the P-COD curve. A 95% secant line was drawn to calculate K Q . The validity of K Q as K Ic was then evaluated. J Ic was determined by the single specimen compliance method [3] . The crack extensions were calculated from the compliance of the specimen obtained by partial unloading. The unloading/reloading procedures were repeated until the crack growth became unstable as indicated by the decreasing applied load. Typical P COD and P -D curves are shown in Figures 1 and 2 respectively. After obtaining the load displacement information, the specimen was broken and the crack length was measured from the fracture surface according to ASTM specifications [3].
The fracture surface was examined using a JSM-6400 SEM. Two samples were also taken from each broken specimen for optical microscopic examination. One was from the end of the specimen to obtain the baseline microstructure and the other was taken beneath the fracture surface to gain some insight into possible damage mechanisms.
RESULTS

Deformation Behaviour
A typical true stress-strain curve for the SiC/Al composite is shown in Fig. 3 . It is noteworthy that there is no necking before failure, and the fracture strain is much smaller than that of Al. Youngs modulus (E), yield strength (s ys ), ultimate tensile strength (s ult ), fracture strain (e f ) and strain hardening component (n) that were derived from tension test are listed in Table 1 . As expected, Youngs moduli of the composites are higher than that of the matrix metal. Based on the simple rule of mixture [4] , i.e.
(1)
where E c , E m , and E f are the Youngs modulus for the composite, matrix, and reinforcement materials respectively and V f is the volume fraction of the reinforcement phase (5% in our SiC/Al), Youngs modulus of the composite was estimated to be around 89.5 GPa assuming that Youngs modulus for 2024 and SiC are 72.4 GPa and 414 GPa [5] respectively. The estimated Youngs modulus is reasonably consistent with the experimentally measured values listed in Table 1 taking into account the statistical variation.
For as-extruded composites, both the yield strength and ultimate tensile strength exhibited significant increases compared to the matrix material. However, for heat-treated composites, neither the yield strength nor the ultimate tensile strength has improved. Among the three types of composites studied here, the ballmilled one appears to have the highest yield and tensile strength for both as-extruded and heattreated conditions. The fracture strains range from 3.4% to 6.6%, indicating that the materials are semibrittle with limited plasticity before failure. The strain hardening exponents n for the three different processing routes in the as-extruded condition were the same and similar to those of matrix Al alloys. However, n appears to decrease as a result of the T6 treatment.
Fracture Toughness
The measured provisional plane strain fracture toughness (K Q ) is listed in Table 2 . In order for K Q to be valid K IC , the specimen dimension must meet the following requirements:
(2) and (3) where B and W are the specimen thickness and width (= 24 mm) respectively, and a is the crack length. From the information listed in Table 2 , the specimen sizes did not meet the requirements in general although they are close for heat-treated specimens. . As mentioned earlier, the reported values for the fracture toughness of 2024-T351 Al are 21 and 36 MPa P [6] . The J value corresponding to 36 MPa P is around 14 KPa-m, which is close to the J Q value for heat-treated composites. Thus the fracture toughness of the heat-treated composites appears to be in the same range as that of heattreated matrix Al similar to the deformation behaviour. As also expected, the as-extruded composites exhibited higher toughness than those which were heat-treated. Compared to Flake and Powder samples, the ball-milled sample appears to have lowest fracture toughness. Between Flake and Powder samples, the latter appears to have higher fracture toughness.
Fractography
The structures associated with the three different processes are quite similar, showing a non-uniform distribution of SiC particles. This non-uniform distribution results from the extrusion process in Table 3 : J Q and the size requirements for valid J IC which elongated clusters of particles are frequently seen forming along the extrusion direction [7] . These clustered particles are the regions in which damage accumulation ahead of the crack tends to occur.
The fracture surfaces of the different kinds of SiC/ Al show some macroscopic differences in roughness. The flake specimen has the largest asperities, while the surfaces of specimens from ballmilled specimens are flatter. The heat treated specimens show rougher surfaces than those of extruded specimens. Microscopically, similar features are observed for all specimens. Typical fracture surfaces exhibit distributions of larger dimples associated with SiC particles and smaller dimples associated with ductile failure of the Al alloy matrix, (Fig. 4) , analogous to the observation of Kamat [8] , You et al. [9] , Manoharan [10] , etc. Some of the SiC particles on the fracture surfaces are cracked as shown in Fig. 5 . The small dimples on the fracture surface indicate a locally ductile mechanism, which is consistent with the semi-brittle nature of the stress-strain curve.
4. DISCUSSION As mentioned earlier, the microstructures of the Flake and Powder composites are similar to each other except that the shapes of the constituent powders are different. The ball-milled material is similar to common powder metallurgy product. Based on the limited amount of experimental data obtained in the current study, it appears that the ballmilled composite has higher strength but lower fracture toughness compared to the other two types of materials. Comparing Flake and Powder composites, the latter appears to have higher toughness. Because the composites are a product of very complicated manufacturing process consisting of powder preparation, extrusion and heat treatment, many factors could contribute to the observed difference. For example, the shapes of the constituent powders, the nature of the interface between SiC particles and Al matrix, defect production by extrusion and elimination by heat treatment come readily to mind.
In general, the fracture toughness decreases with increasing volume fraction of the reinforcing phase. However, the effects of particle size are complex and there is still some controversy [10, 11] . Kim et al [11] proposed that there is a critical particle diameter below which the fracture toughness increases with particle spacing. A widely accepted model for the relation between fracture toughness and particle spacing l, was proposed by Rice and Johnson [12] . In this model, it is assumed that all particles are to crack or debond ahead of the macroscopic crack tip at a small local strain value.
Assuming that the critical value for the crack tip displacement d is equal to the interparticle spacing l, Kamat et al. [8] propose that the relationship between J and particle spacing l is:
where s f is effective yield strength of matrix: s f = (s ys + s ult ) / 2, i.e. 130 and 434 MPa for asextruded and heat treated conditions respectively.
In the present investigation only 5% volume fraction SiC samples were used, resulting in the same nominal spacing for all specimens. In order to examine the above relation, the experimental J IQ /s f values are listed in Table 4 . For the 5%vol SiC/Al composite, the centre-to-centre spacing is calculated from the following relation [10] :
where d is the diameter of SiC particles and V f is the volume fraction of SiC. Equation 6 gives a centreto-centre particle spacing of 34.4 mm for all the specimens. Table 4 shows that Eqn. 5 roughly applies to the heat treated specimens. However, J IC /s f for asextruded specimens is much larger than the actual l value. This of course means that the toughness is higher than would be expected from theory. One possible reason could be a processing effect. While extrusion usually introduces many defects such as cracks and voids, these defects could be at least partially rebonded by subsequent heat treatment. Since Eqn. 5 only includes the effect of SiC particles, it may be oversimplified for the as-extruded materials. For heat treated materials, the effect of processing is somewhat minimised. Hence, Eqn. 5 may be more appropriate. Table 4 : Calculated centre-to-centre particle spacing
where n is the strain hardening exponent, E is Young's Modulus, \V s is the yield stress and e f is the fracture strain. Results for this correlation are shown in Fig. 6 . We see that Eqn. 7 under-predicts the actual toughness. It may thus be tentatively concluded that the composites have additional energy absorbing mechanisms that are not contemplated in the development of Eqn. 7, which applies to an isotropic, homogeneous material.
CONCLUSIONS
In the current study, the effects of three different fabrication processes on the deformation and fracture behaviour of the resultant SiC/Al MMC were investigated. Without heat treatment, the SiC reinforcement phase significantly improved the strength of the composite compared to the Al matrix material. However, the strengths of the heat-treated composites are roughly in the same range as those of heat-treated Al alloy. The current study indicates that the ballOne question that arises is to what degree traditional fracture models can describe the fracture processes in these composites. One model that has been used to provide guidance for alloy development and to provide an understanding of fracture processes was developed by Hahn and Rosenfield [13] . In this semi-empirical model the fracture toughness was developed by computing the energy absorption in front of a crack per unit area of crack extension, using engineering correlations for plasticity and converting to a critical stress intensity parameter, K IC . Their result is expressed through the equation: milled composite has higher strength, but lower fracture toughness compared to the other two types of materials. A comparison of Flake and Powder composites reveals that the latter has higher toughness. The relationship J Ic = s f l roughly applies to the heat-treated materials, but not to the as-extruded composites. Finally, we see that the correlation of the toughness with yield strength, modulus, strain hardening, and fracture strain under-predicts the actual toughness, indicating that the composites exhibit additional modes of toughening not accounted for in a model for a quasi continuum.
